Background and hypothesis. Humic acid (HA) is of considerable environmental 18 significance, being a major component of soil, as well as being considered for application in 19 other technological areas. However, its structure and colloidal properties continue to be the 20 subject of debate, largely owing to its molecular complexity and association with other humic 21 1 Current address: Bristol Composites Institute (ACCIS), Department of Aerospace Engineering, Queen's Building, University of Bristol, University Walk, Bristol, BS8 1TR substances and mineral matter. As a class, HA is considered to comprise supramolecular 1 assemblies of heterogeneous species, and herein we consider a simple route for the separation 2 of some HA sub-fractions.
12 Scheme 1. Sequence of humic acid dissolution in water to produce soluble (S1, S2) and insoluble (I1, I2) Colloidal and solution analysis 17 Zeta potentials of S1 aqueous solutions (prepared by dilution of a stock solution as 18 described above to produce solutions in the range 2.6-1320 mg/L) were determined using a 19 10 (Whatman #1 filter paper), the absorbance at 450 nm of each filtrate was compared with the 11 corresponding value for a suspension of HA in deionized water. For the colloid stability 12 measurements, aliquots (2.5 mL) of a stock S1 solution (0.62 g/L) were mixed with equal 13 volumes of known concentration salt solutions and also agitated using an orbital shaker (4 h; 14 200 rpm). In these latter experiments, any precipitate formed was removed by centrifugation 15 (Rotina 380 Hettich benchtop centrifuge at 5000 rpm for 10 minutes), and the residual S1 16 concentrations determined by comparing absorbance values at 450 nm with a deionized water 17 reference (i.e. equivalent to 0.31 g/L). 20 Thermogravimetric analysis (TGA) was conducted using a TA Instruments Q500 TGA 21 analyzer. Powdered samples (5 mg) were placed in a shallow platinum crucible and heated 22 in static air at a rate of 10 K/min from room temperature to 950 °C. The results are expressed 23 as thermogravimetric (TG) and first derivative (DTG) plots. Elemental analyses (CHN) of the 24 solution decreased slightly from 6.11 to 6.02, while for an initial suspension of 6 g HA in the 11 same volume of deionized water, the pH remained at 5.74 throughout. The removal of excess 12 undissolved solid (i.e. I1, Scheme 1) by filtration or centrifugation enabled S1 solutions of 13 relatively high concentration to be obtained.
14 The data in Fig. 1(a) indicate that a steady linear increase in the S1 concentration is seen as 15 a function of the initially suspended HA, which indicates a limiting solubility for the HA 16 components comprising S1 under these conditions. S1 could potentially exist in a dissolved 17 state or in colloidal suspension, and coupled with the solubility behavior, led us to consider 18 the compositional and solution properties of the soluble and insoluble fractions. Upon isolating the separated insoluble HA fraction I1 (see Scheme 1), it was also found to 6 yield 30% of a second soluble fraction S2 when added to further (100 mL) deionized water; 13 filtration also produced another residual insoluble fraction I2. The S2 concentration is plotted 1 in Fig. 1 (b) as a function of the original suspended I1 concentration, from which it can be 2 seen by comparison with Fig. 1 (a) that dissolution is generally lower than for HA. This is 3 indicative of a selective dissolution process, and the differences in the fractions from 4 successive dissolution steps would be expected to reflect the respective hydrophilicity of the 5 different fractions. Thermogravimetric analysis (TGA) has been shown to be a useful technique for 8 characterizing HAs and other humic substances in past studies [29, 30] . The pattern of HA 9 decomposition of a standard Suwannee River humic acid, for example, shows a small mass 10 loss in the region of 300-400 C followed by a larger mass loss between 450550 C [29].
11
Below 400 C, mass loss is generally a result of decomposition or elimination of oxygen-12 containing functional groups, whereas above 400 C it reflects the high aromatic content [29] .
13
Here, TGA in air has been performed on the fractions S1, S2, I1 and I2 as well as the HA is intermediate.
18
All the samples show 10-15% mass loss up to 300 C, most probably a result of 19 dehydration. However, true thermal degradation first appears as a small peak in the derivative 20 plots at 300-325 C for HA and the insoluble fractions, each amounting to 10% mass loss.
21
The main degradation peaks for I1 and I2 follow at 423 and 390 C, respectively, compared 22 with 555 C for HA. The widths of these peaks decrease in the order HA > I1 > I2, which 23 may reflect decreasing sample heterogeneity. 24 1 thermal stability. In these fractions, a steady mass loss totaling 15% occurs up to 600 C.
2 This is followed by the most significant mass loss (45%) in the range 600-900 C, which 3 contains two main degradation peaks at 784 and 890 C for S1, and 754 and 832 C for S2, 4 indicative of char formation from aromatic structures; oxidation subsequently occurs at much 5 higher temperatures.
6
HA, I1 and I2 each produce 25-33% residue (note that the HA supplier quotes 20 % 7 ash), whereas the corresponding yields from S1 and S2 are approximately half these values 8 (see Table 1 ). A more detailed comparison of the DTG plots in Fig. 2 (b) reveals that 9 degradation of the original HA contains minor contributions from each of the individual 10 fractions. A broad peak at 800 C, for instance, is an indication of the soluble fractions, 11 whereas the insoluble fractions are more apparent in the temperature region leading up to the 12 main HA degradation at 550 C. However, it is interesting to note that the responses of the 13 respective fractions are not reflected in the overall behavior of HA. By considering the 14 TG/DTG profiles for the HA/S1 and I1/S2 solubility pairs, it appears that char formation in 15 the soluble fractions is suppressed by the presence of the respective insoluble fractionsfor 16 example, mass loss from HA at >600 C is 5.8% whereas it is 50.3% in S1, and yet HA 17 contains 30% S1. The microanalytical results, summarized in Table 1 , also indicate that higher TGA residue 7 yields correspond to higher H/C atomic ratios (nitrogen levels were found to be below the 8 0.3% level of uncertainty of the analytical procedure). It is therefore likely that the residues 9 contain different amounts of ash originating from the original HA, which would be retained 10 in the insoluble fractions. Fig. 2 and Table 1 show that residue yields for HA, I1 and I2 are 11 very similar, whereas the corresponding S1 and S2 values are significantly lower. The O/C 12 atomic ratios, estimated by taking residue levels into account, also reveal significant polarity 13 differences between the soluble and insoluble fractions. Being the first fraction to dissolve, it HA and all the fractions show two distinct absorption bands centered on 1021 cm -1 , although 11 these are more distinctive in HA, I1 and I2 compared with S1 and S2. to the symmetric C=O stretch of carboxylic acid groups and C-OH stretch of phenolic groups 23 and is slightly stronger in the soluble fractions S1 and S2. A broad, lower intensity shoulder The present spectra allow relative signal intensities to be determined for the aliphatic, 9 aromatic and carbonyl group regions, and these are summarized in Table 2 , from which it is 10 evident that the structural components are similar in the soluble and insoluble fractions, but 11 that their relative intensities are noticeably different. In particular, the aliphatic/aromatic ratio 12 for the soluble fractions is double that found for the insoluble fractions. The same is true for 13 the respective carbonyl contents, which is consistent with the higher water solubility of S1 14 and S2. The overall aromatic content of the soluble fractions is 30% higher than in the 15 insoluble fractions. These features have not been described previously with respect to 16 fractionation studies of this commercial HA.
17 The aqueous behavior of humic substances is highly dependent on the presence of 2 carboxylic and phenolic groups, which principally define their acid-base characteristics 3 [2, 11, 16, 24, 25, 27 ]. In the present study we have separated two water-soluble fractions by 4 dissolution in the pH range 5.7-7. Under these pH conditions, the more acidic carboxylic acid 5 groups will be ionized.
In Table 3 are shown the acid group contributions to S1 and S2, in comparison with a 7 previous analysis of a re-precipitated Aldrich HA [27] . From these data, it is apparent that the 8 two soluble fractions have a similar total number of acid groups, although S2 has a greater 9 contribution from weaker groups, which is in accord with their respective dissolution 10 behavior, although it is not manifest in the NMR results. Evidence for the anionic colloidal nature of the first soluble fraction comes from the effect 21 of concentration on the zeta potential () of S1 in water, shown in Fig. 4(a) 2.87 3.61 0.74 from 6.9 to 6.1, within the range originally used to separate S1, accompanies the attainment 1 of a plateau  of -30 mV, which starts at 0.1 g/L. 3 (see also Fig. 1(a) for the solutions used).
5
Pläschke et al. [54] purified Aldrich NaHA according to the method of Kim et al. [56] by 6 dissolution in 0.1 mol/L NaOH in the presence of sodium fluoride (0.2 g/g HA). After several 7 precipitation/re-dissolution (NaOH)/re-precipitation cycles, the resultant HA was adsorbed on 8 mica surfaces at different pHs and imaged using AFM. The smallest particle diameters were 9 found to be in the range 8-13 nm by AFM, compared with spheroids of 9-12 nm diameter allows for both Guinier and power-law contributions to the scattering curve, and for S1 and 18 S2, two sets of (Rg,d) parameters were found to describe the scattering intensity over the q 19 range studied. The global unified model fitting parameters obtained from SansView are given 20 in Table 4 . The colloidal character of HAs has been identified by AFM by a number of workers [1, 59] although to the best of our knowledge this is the first time that such an HA sub-fraction 18 has been imaged by AFM. The topological features of the S1 fraction indicates a relatively 19 small size for adsorbed units on mica, which is seen to be concentration dependent (Fig. 6) , 20 with the higher concentration producing the smaller-sized units. In part, the SAXS analyses 21 agree with the AFM findings based on data at low q, from which the scattering units in S1 22 and S2 are suggested to have radii of gyration of at least 50 nm. In the high q region, the 23 scattering from Rg 10 nm units is consistent with the characteristic length determined by 24 1 dimension is characteristic of the constituents of the larger aggregated structures.
2
We have also focused mainly on the colloidal properties of S1, which has the highest water 3 solubility. In respect of its sensitivity towards flocculation in the presence of indifferent 4 cations, S1 exhibits the classical properties of an anionic colloid, as also found for a purified identified water-soluble "forms that are actually soluble in water" [11] . The results also 20 provide a link with the earlier "polymer model" in which humic substances were considered 21 as ionic polymers [77].
22
We have used a multi-technique approach to the study of the composition and colloidal 23 properties of a commercial sample of HA. As reported previously by others [24,25], we also components identified here are consistent with known structural features in all HAs. 
